et al.. Gain measurements of THz quantum cascade lasers using THz time-domain spectroscopy.
I. INTRODUCTION
ERAHERTZ (THz) quantum cascade lasers (QCL) have shown considerable development over the last few years with operation extended to low frequencies [1] , subwavelength dimensions [2, 3] and above liquid nitrogen temperature operation [4, 5] . Current challenges, however, include further performance improvements and an understanding of the fundamental mechanisms within the QCL. To achieve these goals, novel characterisation methods are required to determine the key parameters such as the spectral gain and loss and dynamics that govern the QCL performance in this challenging frequency range. In this work we use THz time domain spectroscopy (TDS) [6] [7] [8] compared to more established systems that stem from the measurement of the amplitude and phase of a transmitted THz pulse. We demonstrate that it can provide useful information such as the gain and losses of a QCL and allows a feedback into new designs. Compared to previous studies [9] [10] [11] [12] we study extensively the QCL bias and temperature dependence above and below laser threshold. In particular we show that this technique allows the probing of the gain curve over the entire operating current range. Figure 1 shows the set-up used to characterize the QCL and is based on a standard THz-TDS system [13] . A Titanium:Sapphire (Ti:Sa) laser with 100fs pulses running at 76MHz and an average power of 0.6W is used to excite an interdigitated antenna structure to generate THz pulses. This THz source is similar to that described by Dreyhaupt et al [14, 15] where the interdigitated fingers are fabricated on a semiinsulating GaAs substrate. This type of structure allows a small finger separation between anode and cathode (1.5µm) and a large surface area (diameter 500µm) for laser illumination. This renders redundant the use of a silicon lens to collect the THz radiation i.e. the diffraction is less compared to traditional small aperture antennas. Also the small separation of the contact fingers allows the use of relatively small voltages. Electrical pulses of only 4V with a duty cycle of 50% were applied between the two contacts. The emission was collected and focused onto the sample using a set of parabolic mirrors of F number 2. Electro-optic sampling was used to detect the THz radiation using a 200µm thick <110> ZnTe crystal and a probe beam from the Ti:Sa laser. The <110> crystal was mounted on a 2mm thick <100> orientated ZnTe substrate, which has a null electro-optic effect on the probe beam. This arrangement allows the elimination of any reflections of the THz radiation from the interfaces of the 200µm thick crystal. This is of importance for QCL investigations owing to the long lasting field oscillations. Finally a delay line is used on the pump beam to map out the THz electric field as a function of time. This system of photoconductive generation and electro-optic detection allows the realization and detection of THz pulses with electric fields over 100kV/cm with sub-picosecond pulse widths. The lower portion of Figure 1 shows a typical field scan and its spectra with the QCL removed.. The useful spectral range is 0.2THz to 3.5THz with peak intensity at 1.5THz.
II. THZ TIME DOMAIN SPECTROSCOPY
The device under consideration with the THz-TDS system is an AlGaAs/GaAs QCL based on a bound-to-continuum optical transition, with 90 repeats of the injector/active region unit of total thickness 12µm [4] . This device was chosen as it has been extensively characterised previously and has the advantage of low electrical power dissipation owing to the small applied electric field required for alignment. The optical confinement is based on a surface plasmon mode [16] , a result of a change in sign of the dielectric constant of the metal deposited on the surface and the underlying semiconductor material (the active region in this case). Combined with the doped layer just below the active region a transverse magnetic (TM) mode as shown in figure 2 is generated. The mode, typical of this type of THz QCL, overlaps with the active region by 29% and has a significant part decaying into the substrate. Samples were processed using standard photolithography and wet chemical etching. The samples were etched to the lower doped layer, with a ridge width of 218µm and standard lateral AuGeNi contacts made. A Pd/Ge (25nm/75nm) contact, coated with a Ti/Au layer (20/100nm), was made to the top layer and centered on the laser ridge. The substrate was then thinned to approximately 200µm to aid cleaving. The inset of figure 3 shows a schematic of the processed device and an example of the typical twodimensional mode profile. Devices were cleaved into 3mm long laser bars and tested in a cold-finger cryostat equipped with the Picarin windows for in-coupling and out-coupling of the THz radiation. The temperature was measured using a thermocouple on the cold finger. The operation of the QCL was verified using a pyroelectric detector. The laser was driven at a frequency of 25kHz with a duty cycle of 25%, modulated with a 25Hz envelope to match the frequency response of the detector. The electrical and optical characteristics obtained are shown in figure 3 . (The x-axis corresponds to the growth direction with the origin taken from the surface metal). Inset shows a schematic of the realised ridge with an example of the mode profile generated threshold current of 0.6A (92A/cm 2 ) is observed and the maximum current before laser action stops is 1.08A (165 A/cm 2 ). The maximum operating temperature of this QCL was 70K and a T 0 of 19.8K was found (see left inset of figure 2).
The laser operates at a frequency of 2.86THz. The right inset shows the multi-mode (longitudinal) spectrum taken for the device at a current of 750mA showing emission around 2.86THz. The laser is single mode just above threshold.
III. AMPLIFICATION OF THZ PULSE -QCL GAIN
For the time domain measurements on the THz QCL, the antenna was modulated at 50kHz with a duty cycle of 50%. This signal was used to trigger the QCL, modulated at a frequency of 25kHz and with a 25% duty cycle. The latter was used for the lock-in reference frequency. This method allowed the detection of the transmitted THz radiation that was modulated only by the QCL and eliminated any unaffected THz radiation passing through the structure. This detection technique was necessary since the amplification of the input pulse is small at 2.9THz (The narrow bandwidth of the QCL gain overlapped only a small extremity of the antenna's bandwidth (see Fig 1) .) Figure 4 shows the transmitted broadband THz pulse in time after it passes through the QCL cavity below and at laser threshold. For the former a series of oscillations are observed that die out quickly indicating a broad spectral response. At the threshold current the field shows a very different response with oscillations lasting for approximately 7ps, corresponding to an amplification of the broadband pulse at the gain of the QCL. The inset of figure 4 shows the Fourier transform of the field at threshold current. We observe a clear peak at 2.86THz i.e. at the emission frequency of the THz QCL. There is also a considerable spectral intensity at lower frequencies due to the spectral response of the antenna which falls rapidly after 1.5THz, as shown in Figure 1 . This part of the spectrum is broad and corresponds to the first cycle in the time response.
From the transmitted signal, it is possible to determine the gain using a reference scan with the QCL off. An explanation of how to determine the gain and phase is presented in the Appendix. We find the curves shown in figure 5 showing the (a) gain and (b) phase spectra with a QCL current of 954mA. We find a gain of 6.5 cm -1 at 2.86THz. The form of the phase, with the phase being negative before the center frequency of 2.86THz (Fig. 5b) , corresponds to the presence of gain. (An opposite behaviour, with the phase being positive before the center frequency and negative at higher frequencies, would be expected in the case of absorption). This is a result of the phase being equivalent to the real part of the electric susceptibility, given by χ' (ν) = 2 χ''  (ν) (ν 0 −ν)/∆ν (for a lorentzian resonance) where ν 0 is the center frequency and ∆ν is the linewidth of the transition. χ''  (ν) is the imaginary susceptibility (which can be used to define the gain) and is negative for amplification and positive for absorption, resulting in the form observed in figure 5b [17] .
When lasing the absorption and reflection losses from the waveguide must equal the gain. Assuming a facet reflectivity of 0.37 [18] resulting in mirror losses of 3.3cm -1 and a calculated free carrier absorption loss of α g =8cm -1 , the gain of the laser is estimated to be 11.3 cm -1 which is significantly greater then the measured gain. The reason for this discrepancy could be the result of an underestimate of the scattering time in the Drude model, but is most likely due to the partial coupling of the THz pulses into the higher order transverse modes of the sample [19] . The contributions from these other modes artificially increase the reference pulse and decrease the measured gain. This is due to the measurement technique (see above and Appendix). For the signal scan, the modulation frequency of the QCL is used as the reference for the lock-in amplifier and will therefore only contain the modulation (i.e. amplification) caused by the laser action of the QCL i.e. from the fundamental transverse mode shown in figure 2 . However, high order transverse modes exist between the metal and substrate (in contrast to longitudinal modes that exist between the mirror facets of the device) that do not lase. Hence as the reference scan is taken with the QCL off, and the formers' modulation frequency used for the lock-in amplifier, it will contain contributions from these higher order modes. Therefore if the THz input pulse is coupled into the high order transverse modes (which have a small overlap with the active region), this will increase the reference scan and not the signal, leading to an underestimation of the gain. The small dip in figure 5a at 0.93THz (3.8mV) is possibly to do absorption from levels within the cascade miniband. In the phase spectrum, there appears to be an inversion of the phase at this point compared to the peak at 2.86THz that is consistent with absorption. This illustrates that the THz-TDS technique allows the simultaneous measurement of both the gain/loss and the phase information of a resonance. This is in contrast to other techniques such as FT-IR spectroscopy where only the intensity is recorded.
IV. CURRENT MEASUREMENTS
The evolution of the field as a function of the QCL driving current was investigated at 10K. Figure 6a shows the fields for currents from 101mA to 1366mA i.e. from well below threshold to beyond the maximum operating current when laser action stops. Oscillations corresponding to emission at 2.86 THz are observed as early as 200mA, considerably below threshold. The oscillations become more intense and persist longer in time as the current is increased. The corresponding spectra are shown in figure 6b and we clearly observe an increase in emission at the frequency of the QCL and a narrowing of the spectra as threshold is approached due to the alignment of the bandstructure. At 1366mA, the emission at 2.86 THz disappears due to the misalignment of the cascade structure and hence an end to laser action. As mentioned previously the feature at 0.93THz is possibly due to an absorption resonance within the QCL bandstructure. An interesting point of this THz-TDS technique is that we can examine the gain spectra of the QCL above threshold. Studies of electroluminescence spectra above threshold [20] are problematic as the signal is easily swamped by the laser emission. However, the THz-TDS measurement of the probe pulse does not detect the QCL laser emission. The phase of the QCL laser is not locked in time with the femtosecond laser pulses which measure the THz probe pulses. The femtosecond laser pulse's position in time relative to the QCL laser field will vary randomly time, and the detected signal from the QCL laser field will average to zero.
In figure 7 the gain is plotted as a function of injected current. Also shown for comparison are the VI and PI characteristics at 10K (Fig. 7a ). Firstly the peak gain (Fig 7b) increases with increasing current due to the presence of gain even if the losses prevent laser action. The peak gain, however, saturates at 662mA (i.e. just above laser threshold at 623mA), where the gain becomes 'clamped' at the value of the total optical losses. (This is due to the strong negative feedback of the laser intensity on the population inversion that results in gain saturation and stabilizes the carrier density at the threshold value) [17] This behaviour is typical of lasers and semiconductor optical amplifiers (SOA) [21] [22] [23] and reported previously for a quantum cascade laser [10] . Furthermore, the gain appears to persist even after the laser action has ceased. At 1.21A, there is no further emission from the QCL. However, the input pulse continues to be amplified and it is only at 1.3A that no further amplification is seen. This is due to the fact that gain is still present although it has become smaller than the total optical losses, inhibiting laser emission.
V. TEMPERATURE MEASUREMENTS
The temperature dependence of the transmitted pulse was also investigated. Figure 8a shows the evolution of the electric field as a function of temperature, with the QCL biased at a constant voltage of 4.83V. Oscillations corresponding to emission at 2.86THz are observed up to 90K, although the amplitude decreases rapidly after 70K. The first field cycle, corresponding to broad spectral emission, also decreases with increasing temperature. These results are also observed in the spectral domain (Fig 8b) where the intensity at 2.86THz decreases at high temperatures a result of gain reduction owing to leakage of the electrons into higher subbands and thermally activated LO phonon emission [24] . An interesting point is that gain is observed at 90K even though the laser action ceases at 70K. This hints that the temperature operation of the QCL can be extended with a reduction in the mirror and/or the waveguide losses.
The temperature measurements above are summarised in figure 9 where the gain field is plotted against the driving current for temperatures from 10K to 90K. (The gain field is defined as the ratio of the transmitted electric field with the QCL on to that with the QCL off). As previously shown in figure 6 , we again observe a large increase in gain with increasing current to just below threshold where it is clamped and which slowly drops off before the structure misaligns. As the temperature is increased, the gain rises slower, reaching the clamping point at higher currents. The position of the clamping current is slightly higher than the threshold current. Using this data we can plot the change in current at a fixed gain as a function of temperature. This is shown in the inset figure 9 for a gain highlighted by the grey dotted line showing a typical exponential rise with a T 0 of 23.9K, similar to that found considering the threshold current ( Fig. 3 ).
VI. CONCLUSION
To conclude, we have demonstrated the use of THz-TDS to investigate the gain of a QCL, showing the evolution of the gain as a function of current and demonstrating the effect of gain clamping. Furthermore, we obtain phase information directly from the measurement without resorting to the Kramers-Kronigs relations. The effect of temperature was also investigated highlighting the reduction in gain at high temperatures where the laser does not operate. Further developments will focus on QCLs operating at lower frequencies where the spectral intensity of the antenna is greater. 
APPENDIX
We can write the output field at frequency ω from the QCL with the QCL on (biased) as
Here t in , t out are the input and output coupling constants. L is the length of the waveguide. α and ∆k α L are the loss and the loss induced phase of the waveguide (i.e. Drude losses from the doping). γ and ∆k γ L are the gain and gain induced phase from the QCL structure. Similarly when the QCL is turned off (not biased) the output field R(ω) can be written as
We wish to divide (A1) by (A2) to express the gain in terms of R(ω) and QCL(ω). The most obvious method is to measure the spectra with the QCL on to obtain (A1) and the QCL off to obtain (A2). However the frequency of the QCL is far away from the antenna's maximum spectral signal (shown in Figure  1 ), and the narrow bandwidth of the QCL gain overlaps a small portion of the antenna's broad bandwidth. The change in signal to due to the QCL will be thus be small, and be on top of a large background signal. (In the time-domain QCL(t) ~ R(t) ).
Instead we measure the difference between equations (A1) and (A2). To do this the QCL electrical pulses (which were locked in time and had the same duration as the antenna electrical pulses) were turned off for every other antenna pulse. The lock-in amplifier measured the amplitude (which we denote as S(t) ) of the signal at the frequency at which the QCL pulses were turned on and off. (The QCL reference frequency is one half the antenna reference frequency). At the QCL reference frequency the amplitude is the difference between the signal with the QCL turned on and the signal with the QCL turned off. Thus the measured signal S(t) can be written in the time-domain and frequency domains as S(t) = ±[R(t)-QCL(t)] and S(ω) = ±[QCL(ω)-R(ω)] (A3)
We do not know a priori whether the measured amplitude S(t) corresponds to the difference R(t) -QCL(t), or QCL(t) -R(t). In order to resolve this ambiguity we must calculate the gain using both results and discard the results which are found to be unphysical. We can now reconstruct QCL(t) from the signal S(t), and the reference scan with the QCL off (i.e. R(t) ). The complex gain can then be written as where θ S(ω) and θ R(ω) are the phase of S(ω) and R(ω).
